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CONSPECTUS: Room-temperature phosphorescence (RTP) with a long afterglow from  Long-Lived RTPin Organic Aggregates
purely organic molecular aggregates has recently attracted many investigations because Molecular
traditionally only inorganic and transition-metal complexes can emit phosphorescence at room § "
temperature. Purely organic molecules can exhibit phosphorescence only at cryogenic -
temperatures and under inert conditions in solution. However, recently, a number of organic
compounds have been found to demonstrate bright RTP upon aggregation, sometimes with a

oy

remarkable morphology dependence. We intended to rationalize such aggregation-induced = Meisewer Theoretical | e
organic RTP through theoretical investigation and quantum chemistry calculations by invoking . .
intermolecular interaction effects. And we have identified the molecular descriptors for the s STmatnm)*Bm ) /e
molecular design of RTP materials. TR o

In this Account, we started with the proposition of the mechanism of intermolecular "‘ %"é’  ~
electrostatic-interaction-induced RTP at the molecular level by using molecular dynamics mechanism

simulations, hybrid quantum mechanics, and molecular mechanics (QM/MM) coupled with

the thermal vibration correlation function (TVCF) formalism we developed earlier. The effective intermolecular electrostatic
interactions could stem from a variety of interactions in different organic RTP crystals, such as hydrogen bonding, 7—halogen
bonding, anion—7" interaction, and d—pz bonds and so forth. We find that these interactions can change the molecular orbital
compositions involved in the lowest-lying singlet and triplet excited states that are responsible for phosphorescence, either through
facilitating intersystem crossing from the excited-state singlet to the triplet and/or suppressing the nonradiative decay process from
the lowest triplet to the ground state. This underlying RTP mechanism is believed to be very helpful in systematically and
comprehensively understanding the aggregation/crystal-induced persistent organic RTP, which has been applied to explain a number
of experiments.

We then propose the molecular descriptors to characterize the phosphorescence eficiency and lifetime, respectively, derived from
fundamental photophysical processes and requirements to obey the El-Sayed rule and generate phosphorescence. For a prototypical
RTP system consisting of a carbonyl group and 7-conjugated segments, the excited states can be regarded as an admixture of n — 7*
(with portion a) and # — #* (with portion f). The intersystem crossing (ISC) rate of S; — T, is mostly governed by the
modification of the product of @ and f3, and the nonradiative rate of T, — S is determined by the f value of T,. Thus, we employ y
= a X f# and f to describe the phosphorescence efficiency and lifetime, respectively, which have been successfully applied in the
molecular design of efficient and long-lived RTP systems in experiments. The molecular descriptors outlined in this Account, which
are easily obtained from simple quantum chemistry calculations, are expected to play important roles in the machine-learning-based
molecular screening in the future.
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Hydrogen Bonding-Induced Morphology Dependence
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QM/MM Calculations. J. Phys. Chem. Lett. 2016, 7,
2893—2898" The intermolecular electrostatic interaction
was first introduced to elucidate the enhancement in
phophorescence oscillator strength through analyzing the
transition compositions of the low-lying singlet states,
revealing the boosted organic room-temperature phosphor-
escence (RTP) in the crystal from solution.
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Figure 1. Computational scheme for RTP properties in organic compounds. The aggregate morphology is generated by molecular dynamics (MD)
simulations and the crystalline structure coming from the experimental X-ray structure and/or from the combined polymorph predictor and
periodic DFT optimization. The relevant Jablonski diagram is shown in the right panel.

the hydrogen bonding interaction impacts on the transition
compositions of the low-lying triplet states, elucidating the
morphology dependence of RTP in organic aggregates
caused by the suppressed triplet nonradiative decays.

e Zhao, W.,; He, Z; Lam, J.; Peng, Q; Ma, H.; Shuai, Z,;
Bai, G.; Hao, J.; Tang, B. Rational Molecular Design for
Achieving Persistent and Efficient Pure Organic Room-
Temgperature Phosphorescence. Chem.2016, 1, 592—
602.” The underlying relationship is established between the
proportion of n and 1 orbitals and the rates of intersystem
crossing and phosphorescence decay, and accordingly a series
of full-color pure organic phosphors are designed and
synthesized with an efficiency of up to 36.0% and a long
lifetime of 0.23 s under ambient conditions.

e Ma, H; Peng, Q.; An, Z.; Huang, W.; Shuai, Z. Efficient
and Long-Lived Room-Temperature Organic Phosphor-
escence: Theoretical Descriptors for Molecular Designs.
J. Am. Chem. Soc. 2019, 141, 1010—1015.* The model is
extended to build a pair of molecular descriptors y and f to
positively describe the phosphorescence quantum efficiency
and lifetime, respectively.

1. INTRODUCTION

Room-temperature phosphorescence (RTP) with a long
afterglow from purely organic molecular aggregates has
recently attracted a great number of investigations from both
academic and industrial interests due to its potential
applications in biological imaging, digital encryption, opto-
electronic devices, and so on.”~” Traditionally, only inorganic
and transition-metal complexes can emit phosphorescence at
room temperature, and phosphorescence from purely organic
molecules can be observed only at cryogenic temperatures and
under inert conditions in solution,'’ except that an unusually
weak afterglow was observed at room temperature for some
crystalline organic compounds in 1970s.""'> However,
recently, a number of organic compounds have been found
to exhibit highly efficient RTP in the aggregates,'>~'*
dependin§ on the morphology, often in the crystalline
phase.”'”*° Moreover, the same molecule with a different
packin§ structure can display quite different RTP behav-
ior.”'™** Some compounds exhibit quite long RTP lifetimes of
hundreds of milliseconds or even as long as seconds but with a
low quantum efficiency of less than 5% in crystals,'”'* and
some compounds have a strong RTP but short lifetimes of
microseconds.”” Understanding the underlying mechanism of
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the RTP in an organic aggregate is essential to the molecular
design of efficient and long-lifetime RTP molecules. In organic
aggregates, the intermolecular interactions are rich, including
n—m, cation—z, anion—7z", H—n/CH—7, 7 _4,,—7, hydrogen
bonding, halogen bonding, and 7—halogen bonding, and the
nature of forces varies, including electrostatic, dispersion,
exchange (repulsion), and induction (polarization).m_26 The
interactions can change the molecular geometrical/electronic
structures and affect the excited-state energy dissipation
pathways.'~>%>"7%% These interactions and the molecular
excited-state structures are difficult to characterize in experi-
ments. Thus, the theoretical understanding and computational
characterization become imperative.”*

In this Account, we first reveal the mechanisms of
aggregation-induced RTP through a computational study by
combining molecular dynamics (MD), quantum mechanics,
and molecular mechanics (QM/MM) and carrying out
excited-state dynamic calculations (Figure 1). We then
proposed a molecular design strategy via adjusting the
electronic configuration (n, 7*) and (7, 7*) components to
jointly enhance the efficiency and lifetime, and finally we
suggested a pair of molecular descriptors to characterize the
efficiency and lifetime of the molecular model consisting of an
n group with a lone pair of electrons and 7 group, which has
been successfully demonstrated in several experimental
applications.

2. MECHANISM OF RTP IN AGGREGATION

From the Jablonski diagram in Figure 1, photophosphor-
escence occurs along the pathway S, — T, — T; — S;. The
notations of the various rates are the following: kz and ki'r are
the radiative decay and nonradiative decay (internal con-
version) rate constants from S; to S, respectively. kg is the
intersystem crossing rate constant from S; to T,. And kp and
k:r‘ are the radiative and nonradiative decay rate constants from
T, to S;. We assume the internal conversion from higher to
lower excited states to be fast enough. Then, the phosphor-
escence quantum efficiency and lifetime can be written as

D) = Db, =Prsckptp (1)

()

Here, @jg is the quantum yield of triplet state @y = kigc/ (kg
+ ki; + kigc). These rate constants can be calculated through
the thermal vibration correlation function (TVCF) formalism

= 1/(kp + k;}})

https://dx.doi.org/10.1021/acs.accounts.0c00556
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Figure 2. Chemical structure of organic RTP compounds along with the phosphorescence lifetime and quantum efficiency in parentheses.
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Figure 3. Energy level and natural transition orbitals (NTO) of the excited states for molecule § in the gas and solid phases. Reproduced with

permission from ref 1. Copyright 2016 American Chemical Society.

developed by our group, coupled with first-principles
electronic structures from the quantum chemistry package."”*”
The intermolecular interaction effects are investigated at the
quantum mechanics/molecular mechanics (QM/MM) level,
namely, the excited-state structure and dynamics are calculated
at the QM level under the influence of the surrounding
molecules treated at the MM level. We have applied this
computational protocol to investigate the RTP mechanism for
the compounds listed in Figure 2, in close collaboration with
several experimental groups, to rationalize the mechanism of
RTP and then to propose molecular design strategies, which
have been rationalized in refs 1, 2, 20, 21, 28, 32, 33, and 3S.

2.1. Electrostatic-Interaction-Enhanced k, through Making
S, Brighter

The first example we showed here is terephthalic acid (TPA)
(5 in Figure 2), which was reported to exhibit RTP upon
crystallization.” It serves as our prototypical system to unravel
the mechanism of crystallization-induced RTP. We optimized
the geometrical and electronic structures of the low-lying
singlet/triplet states by the (TD)B3LYP/CC-PVDZ approach
as implemented in the TURBOMOLE 6.5 package and
calculated the excitation energy using the state-of-the-art
second-order perturbation theory based on the complete active
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space self-consistent field (CASPT2/ANO-RCC-PVDZ) with
active space (8e, 80)%® in the MOLCAS package37 and the
hybrid CASPT2 (8e, 80)/AMBER with ANO-RCC-PVDZ by
interfacing MOLCAS and TINKER®® packages for molecule $
in the gas and crystalline phases, respectively.

It is found from the nature of the low-lying excited states in
Figure 3 that the S state is formed by the transition from the n
orbital to the z* orbital (n, z*) while the S, state is formed by
the transition from the x orbital to the 7* orbital (7, 7*) for
TPA in the gas phase. The n orbital is more easily affected by
electrostatic forces owing to the charge concentrated on the
oxygen, which gives a separation of charge that differs from
that of the 7 orbital with uniform charge distributions (Figure
3b). When going to the solid phase, the n orbital is stabilized
greatly while the & orbital is affected slightly by the
intermolecular electrostatic interaction, which results in a
large increment of the '(n, 7*) state and a slight variation of
the '(7, 7*) state in energy. Namely, upon crystallization, the
'(n, #*) state is increased to 5.05 €V from 4.81 eV while the
!(z, m*) state is reduced to 4.76 eV from 4.99 eV in the gas
phase. Hence, crystallization converts the nature of the S state
from '(n, 7*) to '(, 7*). As a consequence, the corresponding
electric transition dipole (1) of the S, state is sharply enhanced

https://dx.doi.org/10.1021/acs.accounts.0c00556
Acc. Chem. Res. 2021, 54, 940—949
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Figure 4. (a) Molecular packing with distance (angstroms). (b) Energy levels and SOC of the low-lying states. (c) NTOs of the T state for Cz2BP
in amorphous, crystalline, and cocrystalline phases. Reproduced from ref 2. Copyright 2019 American Chemical Society.

Table 1. Calculated kg and kisc of S; = T, (n = 1, 2); kp, k., and Quantum Efficiency ¢y = kp/(kp + ki) of T, — S,; and RTP
Lifetime 7, = 1/(kp + kL) for Molecule 10 in Amorphous (A0—A4), Crystal, and Cocrystal Forms (T = 300 K), with the

Experimental Lifetime Also Listed as a Comparison

T, = S,
S = Sy S, —> T, S, - T, dp (%) 7p (ms)
T = 300 K ke (s71) kige (579 kise (s7) Kp (s71) k(s cal. exp. cal. exp.
A0 3.57 x 107 2.70 x 107 1.36 x 10° 447 x 10 1.87 x 10° 0.002 RTP X 0.02
Al 1.56 x 107 3.06 x 10! 6.67 x 10* 0.046 RTP X 0.46
A2 2.76 X 107 471 x 10 2.77 X 10° 0.017 RTP X 0.17
A3 5.12 x 107 497 x 10 1.16 x 10° 0.004 RTP X 0.04
A4 2.36 X 107 478 x 10 1.30 x 10° 0.004 RTP X 0.04
crystal 4.43 x 107 4.14 x 10° 221 x 107 3.15 x 10 5.51 x 10° 0.57 RTP x 5.68
cocrystal 7.03 X 107 3.96 x 107 3.24 x 10° 1.58 6.03 20.76 RTP +/ 208 353

by 2 orders of magnitude from p,,, = 4.97 X 107* to pyyq =
5.28 X 107> D upon aggregation. These eventually enhance the
phosphorescence rate constant by almost 4 orders of
magnitude according to the approximate relationship of kp o
Iéf(SITl)IZ 4> where the S, state serves as the most dominant
intermediate state with the smallest energy gap and significant
SOC between the S, and T, states.”” Meanwhile, T, maintains
its >(m, 7*) character in both the gas phase and solid phase,
which suggests that there would not be significant change for
the nonradative decay rate of T,. Therefore, the RTP of
molecule § in the crystalline phase is generated mainly because
the intermolecular electrostatic interaction converts the S,
from transition-dipole-forbidden '(n, 7*) to strongly dipole-
allowed '(7, 7*), which significantly enhances the k.

This mechanism of electrostatic interaction-activated
efficient phosphorescence decay through bright S, not only
helps to understand the RTP behaviors of some compounds
containing dark '(n, 7*) or complete charge-transfer excited
states but can be applied in designing efficient RTP through
varying substitutions of aromatic molecules to increase the
transition dipole moment of single states to accelerate kp."’

2.2, Hydrogen-Bonding-Induced RTP through Suppressing
the k,;—Vibronic Decoupling Effect

4,4'-Bis(9H-carbazol-9-yl)methanone (Cz2BP, 10 in Figure 2)
emits persistent RTP in a cocrystal consisting of chloroform
(TCM) but not in an amorphous form or in a crystal,”>*"

943

demonstrating interesting morphology-dependent RTP behav-
ior.” The aggregate structures for the amorphous and
crystalline phases are built first at the level of classical
mechanics. The amorphous aggregate was generated by
molecular dynamics (MD) simulations with the general
amber force field (GAFF) for 20 ns with a time step of 2 fs
and a configuration storage period of 2 ps for data analysis for a
cubic box of 15 X 15 X 15 nm®. Typically, the equilibrium
condition is reached after 10 ns, and we extracted the
configurations in the last 2 ns from five trajectories as an
amorphous structure. The crystalline aggregate was predicted
by combining the polymorph predictor and periodic DFT
optimization with PBE-D3(bj) in close comparison with the
experimental X-ray powder diffraction (XRPD).”* In addition,
the experimental cocrystal conformation was optimized at the
PBE-D3(bj) level for comparison. Considering the obtained
morphology in Figure 4a, we find that the packing becomes
denser with density increasing from 1.158 to 1.324 to 1.505 g/
cm® and that the major peak of the averaged radial distribution
functions (RDFs) decrease from ca. 2.715 to 2.385/2.465 to
2.069/2.262 A from amorphous to crystal to cocrystal. More
significantly, the intermolecular hydrogen bonding is notably
strengthened with the C=0---H—C distance shortened from
2.977 to 2.488 A in five representative amorphous phases, from
2.465 to 2.385 A in the crystal, and finally from 2.069 to 2.262
A in the cocrystal.

https://dx.doi.org/10.1021/acs.accounts.0c00556
Acc. Chem. Res. 2021, 54, 940—949
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Then, we extract a big cluster from the aggregates to perform
the QM/MM calculation with TDDFT/B3LYP/6-31G(d)/
GAFF for the geometrical and electronic structures of the low-
lying excited states of molecule 10 in three phases through
ChemShell 3.5* packages interfacing Turbomole 6.5*° with
DL_POLY," and the spin—orbit coupling (SOC) constant is
calculated with the Beijing density functional (BDF)
program.**** Tt is interesting to find that the nature of the
T, state strongly depends on the morphology because of the
mixed (n, z*) and (z, 7*) character. Namely, the (z, 7*)
component is 59.8% amorphous but increased to 88.6% in the
crystal and to 94.6% in the cocrystal, which results in the
decrease in SOC coefficients £(T), S,) from 17.22 cm™ in the
amorphous state, from 9.57 cm™" in the crystal, and from 5.52
cm™" in the cocrystal. Contrary to T, the S; and T, states have
similar electronic configurations of (7, 7*) character and give
almost unchanged weak SOCS with ¢(T,, S;) and (T, S,)
values of less than 0.33 cm ™' in the three phases. These suggest
that km and kg of S1 — Sy and kigc of S; = T, would be less
affected but that knr and kp of T; = S, would be remarkably
influenced owing to the participation of variable T in different
phases.

The rate constants of the involved processes were
quantitatively calculated by using the TVCF method* as
implemented in our home-built MOMAP (MOlecular
MAterials Property Prediction) program,”” listed in Table 1.
We have developed TVCEF based on Fermi’s golden rule with a
nonadiabatic coupling term (consisting of all of the molecular
vibrational modes), an electric transition dipole term, and the
SOC term as perturbations to evaluate the nonradiative,
radiative, and intersystem crossing rate constants, respectively,
between molecular electronic states within a time-dependent
formalism by virtue of a fast-Fourier transformation
technique.”” TVCF has been extensively applied for the
evaluation of light-emitting efficiency, the underlying mecha-
nism of the aggregation-induced emission, and the room-
temperature phosphorescence in an efficient and reliable

ay."»**73! From Table 1, the ke of S; — T,/T, and the
kg of S; — S, are all insensitive to morphology, ~10°~107 5"
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in all three phases, which is consistent with the similar
electronic structure features of S; and T,. The k, of T, — S,
decreases by 1 order of magnitude to 1.58 s™" in the cocrystal
from 4.78 X 10' and 3 15 X 10" s7" in the other aggregates.
Most strikingly, the k! of T, — SO is sharply reduced by 3—6
orders of magnitude to 6.03 s™ in the cocrystal from 1.87 X
10° in amorphous AO (with similar results for A1—A4) and
5.51 x 10° s™" in the crystal. Consequently, a highly efficient
phosphorescence of ¢p = 20.76% in the cocrystal is predicted,
in sharp contrast to ¢pp< 0.04% in the amorphous structure and
¢p < 0.57% in the crystal, according to the equation ¢, = kp/
(kp + kI). The predicted RTP lifetime of 208 ms is in good
agreement with the experimental value of 353 ms.

To determine the underlying reason for such a big drop in
kil in the cocrystalline phase, we analyzed the vibronic
couplings in detail. It is found that the C=0O bond stretching
is the most important mode which causes the large vibrational
relaxation in the T} — S; nonradiative decay process. The C=
O bond length modification between the T, and S, states is
shortened by 0.092, 0.064, and 0.043 A from amorphous to
crystal to cocrystal phases, respectively. Such sizable decreases
in the bond length are ascribed to the decreased n-electron
density at the O atom site. The C=O stretching vibrational
frequency undergoes a red shift from 1740.93 to 1736.21 to
171136 cm™' for the three phases with T, geometry. The
reorganization energy A from the relaxation of this bond is
greatly reduced from 1888.46 cm ™" in the amorphous phase to
717.24 in the crystal to 186.67 cm ™" in the cocrystal, which can
sharply slow down the nonradiative decay.’® Meanwhile, the
reorganization energies for S; — T, and S; — T, remain
similar in the three phases, indicating similar behavior for kigc.
We thus conclude that the strong hydrogen bonding can
suppress the nonradiative decay of T, — S, by vibronic
decoupling for the triplet state with (7, 7*) character, allowing
bright and long-lived RTP in the Cz2BP cocrystal. This
mechanism has been successfully applied to realize the control
of emission behavior from phosphorescence to fluorenscence
by tuning the substitution from fluoro to hydrogen and then to
the hydroxyl group for a series of carbazole-based emitters.*®
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2.3. 7—Halogen-Bonding-Enhanced k;sc through
Strengthening the SOC

The 7—halogen bond is one type of halogen bond (XB) which
is formed between a covalently bonded halogen atom (e.g,, C—
X, X = Cl, Br, I; X™; XB donor) and a nucleophile (e.g., C-Y,
Y = O, N, S; aryl z; XB acceptor). The 7—halogen interactions
have attracted increasing attention owing to the molecular
recognition in chemical and biological systems, which
contribute greatly to the high binding affinity in drug design
and lead optimization.*”™>* On the basis of the statistical data
derived from 189 distinct X-attention # interactions in 146
protein structures, the 7—halogen bond satisfies the following
criteria among the distances d (X—centroid) and the angles «
and 6 as shown in Figure Sa: d (Cl—centroid) < 4.2 A, d (Br—
centroid) < 4.3 A, and d (I—centroid) < 4.5 A, as well as a <
60° and € > 120°°% It is intriguing to investigate the 77—
halogen interaction effects on the photophysical property in
organic molecules.

0-BrTCz and m-BrTCz (18 and 19 in Figure 2) are a pair of
isomers which differ only in halogen substitution positions but
exhibit different ultralong phosphorescence with distinctly
different quantum efficiencies of 2.3 and 13%, respectively,
under ambient conditions in crystalline phases.”* Comparing
the X-ray single-crystal structures of the two compounds as
shown in Figure Sb,c, we find that there are two kinds of
intermolecular hydrogen bonds, C—Br--H—C, and halogen
bonds, C—Br---7. The C—Br---H—C distances of the isomers
are close to each other, with 3.100 A for molecule 19 and 2.963
A for molecule 18, respectively. In contrast, the distance for
C—Br--x in the molecule 19 crystal (3.461 A) is much shorter
than that in the molecule 18 crystal (3.805 A). Moreover, the
Qc_py...; value of molecule 19 (26.7°) is smaller than 60°, while
that in the molecule 18 crystal (90°) is larger than 60°. These
structure differences indicate that the z—halogen interactions
in molecule 19 are stronger than in molecule 18 crystals. To
understand the influence of the 7—halogen bonding interaction
on the phosphorescence process, we built the computational
models of a monomer with Br—H where Br stems from the
nearest-neighbor molecule and Br—H is used to fix the
direction of the Br—C bond in the whole molecule. This
simplified model not only reduces the computational load but
also excludes the effect of other factors (e.g., 7—7 stacking).
The electronic structures of the low-lying excited states were
calculated via TD-B3LYP/6-31G(d) implemented in the BDF
pacl<age,44'45 and the results are shown in Figure Sb,c. It is seen
that there are six triplet states below the S, in energy for
molecules 18 and 19 with similar singlet—triplet energy gaps.
Compared to the SOC of the two compounds, it is found that
the SOC between S, and T, (,<5 of molecule 19 is always
larger than the counterpart of molecule 18. In particular, the
SOC between S; and T of molecule 19 (1.36 cm™), which is
the closest triplet state to S}, is larger by 1 order of magnitude
than that of molecule 18 (0.10 cm™"). We plot the transition
property of T4 upon excitation and surprisingly find that the Br
atom makes many more contributions to the natural transition
orbital (NTO) in molecule 19 than to that in molecule 18.
Note that the Br atom comes from the neighboring molecule.
That is, the intermolecular C Br---wx halogen bond
interaction in molecule 19 induces more participation of the
Br atom in the low-lying triplet states and facilitates the ISC
process, which generates a larger amount of spin—orbit
coupling owing to the heavy-atom effect, thus facilitating the
ISC process. These rationalize the observed higher phosphor-
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escence efficiency of molecule 19 compared to that of
molecule 18.

A second example for the 7—halogen-bond-induced RTP is
in organic salt crystal TPO-Br (20 in Figure 2) with a Br anion
and aromatic 7> We built a computational model with the
central molecule as the QM part and the surroundings as MM.
The S, geometry is optimized and the excitation energies and
transition properties of the low-lying excited states are
evaluated at the level of ONIOM(B3LYP/6-311 G(d)/UFF)
with the Gaussian 09 package.”> The SOCs between singlet
and triplet states are computed with the BDF package,"* as
shown in Figure 5d. The Br anion—z" interaction induces the
participation of the Br anion in the excited-state structures as
indicated by NTO analysis for molecule 20. The resulting SOC
between S; and T, is enhanced by 3 orders of magnitude to
450.39 cm™'. The experimental phosphorescence quantum
yield of the TPO-Br single crystal was found to be 36.56%.
Thus, halogen anion—z" interactions can be a facile strategy
for constructing RTP-active organic salt compounds.

3. MOLECULAR DESCRIPTORS TO CHARACTERIZE
THE PHOSPHORESCENCE EFFICIENCY AND
LIFETIME

To acquire a highly efficient RTP, it is necessary to open up
efficient ISC processes from S; to T, (T, could be a little bit
higher than T;) and to slow down the nonradiative decays
from S,/T, to Sy, which could be realized in a rigid aggregation
environment.’ Except for a long-lived RTP, it is required to
slow down the phosphorescent radiative decay kp from T to
So- By virtue of the El-Sayed rules,”* the ISC rate becomes
relatively large if the initial and final states have different
electronic compositions, for example, between (n — 7*) and
(7 — 7*) states, as in molecules combining lone-pair electrons
in the n groups and 7z groups.’

Thus, we choose molecules with carbonyl groups (C=0) to
produce n orbitals coupled with various conjugated & groups to
introduce 7 orbitals, namely, BP (3), DFBP (4), FBDBF (12),
mFDBP (14), BDBF (15), pDBP (16), and benzil (17) as
shown in Figure 2. We first performed DFT and TDDFT
calculations at the B3LYP/6-31G(d, p) level with the Gaussian
09 package, and then we examined the relationship between
the proportions of electronic composition (n, 7*) and (7, 7*)
with respect to SOC constant £ and the experimental
phosphorescence lifetime 7, as depicted in Figure 6. The
singlet/triplet excited state can be regarded as an admixture of
(n, 7*) and (7, 7*) configurations with portions @ and f3; that
is, S/T = a(n, #*) + P(x, z*) with a + B = 1, and the
difference in configuration between the S; and T, states is
expressed by Aa, = la,s, — a,r, |. From Figure 6, it can be
seen that £ and A, have a strong monotonic correlation,
which can be identified as an indicator of RTP efliciency. And
a large value of § calculated for the T, state indeed correlates
well with the long 7p from experiments. For example,
molecules 3, 4, and 17 have a short 7, of microseconds
owing to their small § value of <50%, and molecules 14—16
show long-lived phosphorescence for their large f value of
>70%. Excitingly, molecule 15 possesses a typical '(n, 7*) S;
state, a low-lying hybrid 3(n, 7*) and (x, 7*) T, state, and a
typical *(z, 7*) T state. This combination results in a large
value of Aa, between S; and T, to open up a significantly fast
S, = T, ISC channel for high @} and a large value of # in T,
to slow down kp and kEr', which are shut down for long p,
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Figure 6. (a) Relationship between the SOC constant (£) and the
difference in the proportion of the (n, 7*) configuration (Aa,)
between S, and T, by TD-DFT calculations. (b) Plot of the
experimental phosphorescence lifetime (zp) against the proportion of
the (7, 7*) configuration () in the T, state. Reproduced with
permission from ref 3. Copyright 2016 Elsevier Inc.

which agrees well with its high efficency of up to 34.5% and
ultralong lifetime of up to 0.23 s in the experiment. Thus, the
experimental data prove that a balanced lifetime and efficiency
of RTP can be realized by tuning the features of the molecular
orbital and the energy level of the excited states via tailoring
the aromatic subunits.

A variety of organic RTP systems have been found and
synthesized because people have paid quite a bit of attention to
this issue, including carbazole, a triazine derivative, and
carbonyl compounds as shown in Figure 2. Among these
compounds, the 77-conjugated ones exhibit ultralong Fhosphor—
escence but an extremely low efficiency of <5% """ (e.g,
molecules 1 and 2). The typical n-group compounds are well
known to have highly efficient RTP values but short lifetimes
on the order of microseconds” (e.g, molecule 4). For similar
aromatic carbonyl compounds containing n/z groups, their
lifetimes vary over a wide range from 0.12 ms to 1.36 s, and
their @, values are changed from an extremely low 0.4% to a
high 34.5%'77%>°7°% At first glance, there are not any
regularities to follow for the relationship between lifetime/
efficiency and molecular structure because all of the
compounds contain heteroatoms with lone-pair electrons.

To determine the inherent rules, we further improved the
physical parameters to describe the change in the molecular
configurations and establish the relationship between the
descriptors and the quantum efliciency and lifetime of RTP.
On the basis of the one-electron orbital approximation, the
SOC between S; and T, can be simply expressed as

(Sl T,) & S(n + #lLin + 7Y

S(alLlz)" + 3(zlLin)" + S(nlLIn}" + S(zlLIz)"

ST+ pSaT =y

~ 3)
Herein, the terms with the same n or 7 orbitals between the S
and T states are banished. The y is the orbital overlap integral
for these two states after considering the spin and orbital
interaction, which is a better indicator of the SOC strength
between them. Similarly, the SOC between T, and S, is
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(TlHsoclSy) x @™ =1 = g7 (4)

As is well known, the ISC rate is mainly determined by the
SOC and the energy gap (AEgy) between the S and T states,
and strengthening the SOC and lowering the AEg; can fasten
the kigc. Thus, the ISC process of S; — T, with the smallest
AEgy always acts as the most dominant one among the triplet
states lying lower than S; in energy. In such a case, the ISC rate
can be mainly governed by the y value of the significant S, —
T,, and that of T| = S; can be estimated by the a or f value of
T,. After combining eqs 1—4, we conclude that phosphor-
escence @}, and 7 values can be crudely proportional to the ¥
value of S, — T, and the /3 value of T}, respectively."

We performed QM/MM calculations with the TD/B3LYP/
6-31G (d, p)/GAFF method by using the ChemShell 3.5
packages interfacing Turbomole 6.5 for QM and DL _POLY
for MM, and we plotted the curves of the calculated y and S
values versus the measured @, and 7p values in Figure 7,
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Figure 7. Relationship between the phosphorescence quantum yield
(®p), lifetime (7p), and pair descriptors (7, f§). Reproduced with
permission from ref 4. Copyright 2019 American Chemical Society.

respectively, for compounds 1—12 in the crystalline phase.
Excitingly, it is found that @y, is gradually enhanced from 0.4 to
34.5% as the y value increases from 0.0 to 24.5%. There are
some exceptions (molecules 1—2 and 4—8) because its y
values are very small, <1.0%, resulting in indistinguishably low
@, values of <3.0% (inset in Figure 7). Similarly, the 7p is
prolonged with the increase in the f value in general, although
molecules 1, 2, §, 6, 8, and 11 exhibit different 7, values from
730 to 1360 ms for the same S value of 100.0%. It can be easily
understood from the deviations of @}, and 7} that the ISC rate
is related not only to electronic properties SOC and AE but
also to the vibrational structure and electron—vibration
coupling,3’39 which is neglected here. In a word, the changes
in @} and 7} can be determined by the pair descriptors (7, /)
to a large extent. This also explains the fact that the
introduction of the carbonyl group in molecules 4—8 cannot
promote @, because of their very small y values. Most
importantly, the organic compounds containing n/z groups
with rational molecular design are favorable for the enlarge-
ment of y and f values, thus facilitating RTP in organic
molecules with high efficiency and a long-lived afterglow
simultaneously.

The design strategy for balancing the efficiency and lifetime
of phosphorescence by adjusting the appreciable proportion of
(m, #*) and (n, 7*) in the electronic configuration has been
successfully used in experiments. For instance, on the basis of
the SPh compound, Chi et al. designed and synthesized OMe-
SPhT with a high efficiency and a long lifetime by balancing
the (z, #*) and (n, 7*) components, which were verified via
single-crystal X-ray diffraction analysis and theoretical
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calculations.”” In addition, the pair of descriptors is also
expected to be used for large-scale molecular screenings of the
RTP materials.

4. CONCLUSIONS AND PERSPECTIVES

The mechanism of RTP in organic aggregates and the design
strategy of highly efficient long-lived RTP material have been
extensively unraveled through systematical calculations and
analyses for all of the involved dynamic processes (k, kp, krsli,
kisc, and k:r') and molecular structure parameters, including
the electronic configuration of the excited states, spin—orbit
coupling, and vibrational-mode-induced nonadiabatic coupling.
As the most fundamental element, the electronic configuration
of an excited state is determined by the chemical structure,
which is subject to the aggregation structure. The (n, 7*)
configuration is more sensitive to the electrostatic interaction
than the (7, 7*) one; namely, the former is usually destabilized
and the latter undergoes a slight change in energy by the
electrostatic interaction. Therefore, the occurrence of RTP
stems from the change in ky, kﬁ; ke, or k:r‘, which is strongly
molecular-structure-dependent and aggregation-topology-de-
pendent, as revealed by the QM/MM calculations. These
findings open up more innovative space to design high-
efficiency RTP material.

Taking n groups connected to 7 groups as a molecular
model, we proposed the molecular design strategy to balance
the efficiency and lifetime of phosphorescence by adjusting the
appreciable proportion of (n, z*) and (z, 7*) in the electronic
configuration and established a pair of molecular electronic
configuration descriptors (y, f8) to characterize the phosphor-
escence efficiency and lifetime, respectively. Both the
phosphorescence efficiency and lifetime are promoted by the
increase in the y and f values. As expected, the organic
compounds containing n/z groups with rational molecular
design are favorable to the increase in y and f values, thus
facilitating RTP in organic molecules with high efficiency and
long-lived afterglow simultaneously. This design strategy has
been successfully used in experiments. The pair of molecular
descriptors is believed to be helpful for the future design of
machine-learning-based high-efficiency, purely RTP materials.

So far, we have investigated the photophysical behavior of a
single molecule embedded in a frozen surrounding environ-
ment. We have overlooked some other intermolecular
deactivation processes, such as energy transfer and charge
transfer. We have discussed only for the properties of the
molecules at the equilibrium geometry of the potential energy
surfaces, which excluded the deformation of potential energy
surfaces effects, such as the photoisomerization and crossing
points and so on. In addition, for the key ISC processes, the
contribution of intermediate states to the ISC rate has not
been considered, which is regarded to be very important in
some organic systems. Very recently, novel RTP phenomena
are continuously discovered and reported, such as cluster-
induced RTP of nonconjugated molecules,”’ mechanochromic
RTP of organic molecules,'”” multicolor RTP of a single
molecule,’’ dynamic ultralong RTP by photoactivation,”” RTP
caused by chromophore-solvent reaction,” singlet-fission-
caused RTP,** and so on beyond the conventional organic
photophysics scenarios. The mechanisms of organic phosphor-
escence stemming from impurities in many solid organic
compounds were reported almost a century ago®® and have not
been made clear until now. All of these issues require further
revealing the mechanisms behind the new luminescence
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behaviors from a brand new theoretical perspective. Therefore,
this field is full of challenges and opportunities in the future.
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